9 X-ray reflectometry (XRR) provides researchers and manufacturers with a non-10 destructive way to determine thickness, roughness, and density of thin films 11 deposited on smooth substrates. Due to the nested nature of equations modeling 12 this phenomenon, the inter-relation between instrument alignment and parameter 13 estimation accuracy is somewhat opaque. In this study, we intentionally shift incident 14 angle information contained in a high-quality XRR data set and refine this shifted 15 data using an identical structural model to assess the effect angle misalignment has 16 on parameter estimation. We develop a series of calibration curves relating data 17 misalignment to variation with layer thickness and density for a multilayer GaAs/AlAs
54
In the last decade, an international collaboration under the Versailles Project on 55 Advanced Materials and Standards (VAMAS) has performed round-robin studies on 56 several candidate materials to be used as thickness standards for XRR [7, 8] . One 57 structure studied by VAMAS, a three-repeat bi-layer of GaAs/AlAs (total of six layers) 58 deposited on a GaAs wafer, was developed by the National Metrology Institute of Japan to be one, where, ω = 0 implies that θ d = 0. Specular condition is obtained only when
The GaAs/AlAs multilayer structure used in this study was sample 1-08 of the BAAA4002c series provided by NMIJ (referred to here as 1-08). The first-principles treatment of XRR modeling is discussed in exhaustive detail 82 elsewhere (see [3] of the wave vector from a material layer j of fixed n:
91
At each interface in a stack of such fixed index, continuous layers, between layers 92 j-to-j + 1, we have the following, Fresnel relationship:
where wave vector, k = 2π/λ, and λ is the X-ray wavelength.
95
Parratt's developed a recursion relation for the reflection coefficient for every 96 interface, j to j + 1 in a stack,
where z j is the thickness of layer j.
99
All successive reflection coefficients from X j−1 to X 0 can be solved for using 100 successive substitutions of Eqns. 2 and 3, with the special case that, since the substrate 101 is assumed to be infinite, we have no reflection from its lower interface: X N,N +1 = 0 for 102 an N-layer stack. The measured reflection intensity is then
n j , for each layer within the recursion. An XRR structural model is defined by a set of 106 paramters for layer thickness t j ≡ z j , layer density, ρ j = f (n j ), and layer roughness, σ j .
107
The fundamental observation for this work is that I R is a function of θ i through each 
Data refinement approach
113
Our data refinement approach follows the structure and notation of Wormington [12] .
114
A highly constrained model for calculating simulated measurement pairs, (θ l , I
R−calc l ),
115
is then fit to the data and an error between data and calculated intensities is calculated.
116
It is common to show χ 2 or goodness-of-fit (GOF) plots as a function of parameter function for refining XRR data:
M SE log allows for oscillation data contained several decades below the incident 126 intensity,I o , to still contribute to the model refinement. Figure 1 a) both software packages and both parameter ranges are shown.
176 Figure 1 shows: a) the original data (aligned) GA refinement, and b) the δ =
177

+0.005
• GA refinement. In both cases, the fit (line) to the data (points) are nearly 178 perfect, with very little to indicate either misaligned or improperly modeled information.
179
In comparison, figure 2 shows the results of: a) δ = +0.025
• GA refinement and b) δ = −0.025 • GA refinement. In both cases, we see substantial deviations between and oscillation intensities vary substantially between model and data. This will have a 183 significant impact on the density parameter estimates for these highly misaligned cases.
184 Figure 3 shows the GOF results for the M SE log GA refinements for NIST, 185 commercial, and commercial wiht wide allowed roughness ranges. The better agreement 186 between model and data from figure 1 is clearly seen by a minima in the range of δ = 0 187 to +0.005
• . However, we do see a systematic shift between the GOF results from using structure. Figure 4 shows thickness as a function of δ for the bottom four buried
196
GaAs and AlAs layers (see Table 1 show excellent agreement, indicating that the sample was extremely well-aligned. Note 
203
The negative slope indicates a decrease in thickness when data is misaligned in the +θ 
206
In figure 5 , we see density as a function of δ for the same four buried layers.
207
Although all of the four layers show highly linear behavior, we see that the slopes vary 208 depending on the layer under study. There is a trend for higher sensitivity in density 209 determination with layers closer to the surface. In Table 4 , we show both intercept in XRR measurement for high quality films.
249
To date, these studies have only been developed using a single data set. Future 250 work in this area will involve the automation of this alignment testing procedure to 251 allow for repeatability testing of these results from multiple measurements and multiple 252 instruments using the same specimen (CRM) to explore the limits of this approach.
253 Table 1 . GA parameter ranges for multilayer refinement.
Layer Material t/nm σ/nm ρ/g cm Table 2 . GA with wide roughness ranges for multilayer refinement.
Layer Material t/nm σ/nm ρ/g cm 
